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Chitosan encapsulated quantum dots (CS-Qdots) exhibit fascinating optical properties and can efficiently 
deliver genes into cells in a visualized process. By using CS-Qdots as gene carriers, specific 
hepatocellular carcinoma (HCC) expressed firefly luciferase genes (p[HRE]AFP-luc) were transfected into 
HCC cells for hepatoma bioluminescence imaging. The results obtained in this study show that 
nanocarrier CS-Qdots can be excited by the luciferase coded in the genes delivered into the cells. The 
maximum emission wavelength of the bioluminescence red-shifted from 560 nm to 630 nm. The 
excitation of CS-Qdots by bioluminescence occurs at the macroscopic scale and is independent of 
covalent bond. The luciferase gene-loaded CS-Qdots can act as wavelength-tunable self-illuminating 
probes thus holding potential for improved tumor optical molecular imaging. 


1. Introduction 

Optical imaging has emerged as a powerful technique in 
biomedical imaging because of its high sensitivity and low 
cost. 1 The use of fluorescent imaging probes such as quantum 
dots presents challenges in vivo due to the requirement of an 
external light which produces strong autofluorescence from 
living tissues, thus compromising the imaging signal to noise 
ratio. In addition, the scattering and absorption of optical 
photons in living tissues significantly reduces the sensitivity 
and specificity of fluorescence imaging. The most widely used 
strategies attempt to solve these problems using near-infrared 
(NIR) imaging probes to reduce the autofluorescence, and 
self-illuminating imaging probes which do not depend on the 
excitation light and completely eliminate autofluorescence 
effects. 2-5 

Quantum dots are often used as self-illuminating probes for 
their fascinating optical properties such as tunable photo¬ 
luminescence, photochemical stability, high brightness and 
narrow emission bandwidth. 6 ’ 7 Self-illuminating quantum dots 
absorb energy from a donor (usually an enzyme that emits light 
during the catalytic oxidation of its substrate, such as luciferase) 
and emit light without external excitation. In most cases, the 
establishment of self-illuminating quantum dot probes is based 
on bioluminescence resonance energy transfer (BRET), which is 
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a non-radiative process for transferring energy. Two funda¬ 
mental criteria must be satisfied: first, the emission spectrum of 
the donor must overlap the excitation spectrum of the acceptor; 
and second, these moieties must be in proximity (<10 nm). 8-12 
All luciferases are light-generating proteins coded by genes that 
can be selectively delivered to certain tissues or tumors, and are 
widely used in molecular and cell biology research applications, 
such as monitoring the expression of genes and specific tumor 
imaging. 13 In BRET systems, luciferase proteins often bind 
quantum dots chemically, which limits the application range of 
self-illuminating quantum dots. Dragavon et al. first reported 
that Qdots could be activated by bioluminescence through a 
traditional radiative process which is independent on the 
covalent binding of luciferase and the Qdots. 14 They defined the 
phenomenon as “fluorescence by unbound excitation from 
luminescence” (FUEL), a method that utilizes the conventional 
epifluorescence phenomenon. In the FUEL process, extremely 
low levels of unfocused, radiating bioluminescence can be used 
as an epifluorescent illumination light source. These interesting 
findings imply that quantum dots could be activated by 
endogenous luciferase expressed in specific tumor cells. 

Targeted gene delivery allows for tumor bioluminescence 
imaging by using tumor- or tissue-specific promoters to restrict 
the expression of light-producing genes (such as firefly luciferase 
genes) in tumors and their metastases. 15,16 In the current study, 
firefly luciferase genes induced by AFP promoter and hypoxia 
enhancement were prepared as we have previously reported, and 
the genes were delivered into cells by chitosan modified CdTe 
quantum dots (CS-Qdots) to establish a specific hepatoma 
imaging system. The AFP (a-fetoprotein) promoter is one of the 
most specific promoters which regulates downstream gene 
expression only in hepatocellular carcinoma (HCC) cells. The 
specificity and efficiency of gene expression in HCC cells driven by 
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the AFP promoter and hypoxia enhancement have been validated 
by many studies. 17-21 Chitosan encapsulated quantum dots as 
gene vectors provide a traceable delivering system, for example 
Tan et al. delivered HER2 siRNA into cells and achieved desirable 
silencing effects on the HER2 gene via RNA interference. 22 Our 
interest focuses on whether CS-Qdots can act as gene carriers and 
self-illuminating probes simultaneously. There is a spectral over¬ 
lap between the emission spectrum of bioluminescence and the 
absorption spectrum of CS-Qdots in our study. The emission peak 
of firefly luciferase is at about 560 nm, and the emission peak of 
the CS-Qdots is at 630 nm. If the CS-Qdots can be activated, the 
emission peak of bioluminescence should red-shift from 560 nm 
to 630 nm. The aim of this study is to provide experimental 
evidence to test whether gene carrier CS-Qdots can be excited by 
luciferase generated specifically in HCC cells. Fig. 1 is the sche¬ 
matic representation of gene-loaded nanoparticles based on 
quantum dots excited by luciferase generated intracellularly. 

2. Materials and methods 

2.1. Main apparatus and materials 

Transmission electron microscopy (TEM) was carried out on a 
JEM-200CX model (JEOL, Japan) and high resolution trans¬ 
mission electron microscopy (HRTEM) images were obtained 
with a JEM-2010 UHR model (JEOL, Japan). FTIR spectra were 
collected using a NEXUS870 spectrometer (NICOLET, USA). The 
ZetaPlus particle sizing analyzer used for the nanoparticles was 
purchased from Brookhaven instruments, USA. Biolumines¬ 
cence and fluorescence imaging was carried out using an IVIS 
spectrum whole animal imaging system (Xenogen Corporation, 
Caliper Life Sciences, USA). 

Tellurium powder, NaBH 4 , CdCl 2 , 3-mercaptopropionic acid 
(MPA), EDC (A/-ethyl-A/-3-dimethylaminopropyl carbodiimide) and 
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chitosan (deacetylation degree > 95%) were all purchased from 
Sigma (USA). All the reagents used were of analytical grade. 

Human HCC line HepG2 (AFP-positive) was maintained in 
Roswell Park Memorial Institute 1640 (RPMI 1640) supple¬ 
mented with 10% fetal calf serum and incubated in a humidi¬ 
fied 5% C0 2 atmosphere at 37 °C. 

2.2. Preparation of CdTe quantum dots (Qdots) 

2.2.1. Preparation of NaHTe. 0.08 g NaBH 4 and 0.1275 g Te 
powder were transferred to a small flask, then 1 ml pure water 
was added. The reaction was carried out on an ice bath. A needle 
with a balloon was connected to the flask to release the pressure 
from the resulting hydrogen. About 4 hours later, the black Te 
powder disappeared and a white precipitate of sodium tetra¬ 
borate was formed. The resulting NaHTe in the clear superna¬ 
tant was used to synthesize CdTe quantum dots. 

2.2.2. Preparation of CdTe Qdots. 0.0456 g CdCl 2 was dis¬ 
solved in 100 ml pure water, the reaction solution was placed in 
a three-necked flask of 250 ml and degassed by a constant N 2 
flow. Then 0.52 ml MPA was added under stirring. The pH value 
was adjusted to 9.0 by dropwise addition of a 1 M NaOH solu¬ 
tion before addition of 0.1 ml NaHTe under stirring. The 
reacting system was subjected to reflux in a water bath at 100 °C 
for 10 h. The CdTe crystals were precipitated by the addition of 
acetone, then washed with acetone for several times and re¬ 
dissolved in pure water. 

2.3. Preparation of chitosan (CS) encapsulated CdTe 
quantum dots (CS-Qdots) 

A chitosan (CS) solution was prepared by dissolving 0.5 g of CS 
in 10 ml acetic acid solution (0.2 M). Then, the chitosan solu¬ 
tion was diluted 100 times with pure water. The CdTe quantum 



Fig. 1 Schematic representation of quantum dot based nanoparticles excited by luciferase generated intracellularly. 
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dot solution was added to the diluted CS solution while stirring, 
then 0.5 ml of a EDC aqueous solution (0.5% w/v) was added. 
The reaction system was left overnight at room temperature. A 
CS encapsulated CdTe quantum dot colloid was obtained. 

2.4. Characterization of CdTe Qds and CS-Qdots 

The morphology of CdTe Qdots was examined using TEM and 
HRTEM. The morphology of CS-Qdots was observed by TEM. 
UV-vis spectroscopy measurements of CS-Qdots were conducted 
using a fluorospectrophotometer (LS50B, PerkinElmer, USA). 
FTIR spectra of the CdTe and CS-Qdots were obtained on a FTIR 
spectrometer. The surface charge of CdTe Qdots (in pure water, 
25 °C), CS-Qdots and DNA-CS-Qdots complexes at the relative 
ratio of 10 (in HEPES buffer of pH 6.8, 25 °C) were measured by 
a zeta plus particle sizing analyzer. 

2.5. Cellular uptake of CS-Qdots and imaging by confocal 
laser microscopy 

The 5 x 10 4 per well HepG2 cells were seeded on a 6-well plate at 
37 °C for 24 h. Then, CS-Qdots were added into the cell dished at 
100 jig ml -1 . After incubation for 12 h, the cells were washed 
with PBS three times to remove free CS-Qdots. The cell nuclei 
were stained by 4 / ,6-diamidino-2-phenylindole (DAPI, Sigma, 
USA) before detection with a confocal laser microscope (Fluo- 
View FV1000, Olympus, Japan). 

2.6. Gel retardation assay 

The p[HRE]AFP-luc plasmids which specifically express firefly 
luciferase in HCC cells were prepared as we have previously 
reported. 17 Plasmid-CS-Qdot complexes at various NP : DNA 
weight ratios were prepared and incubated for 30 min. Then the 
complexes were added to the wells (10 pg DNA per lane) of a 
0.8% agarose gel, and run at 100 V for 30 h. Samples of free 
DNA, free CS-Qdots and CdTe Qdots (without chitosan) were 
added as controls. Images were obtained on a gel imaging 
analysis system-JS-680D (Shang Hai Peiqing Science and Tech¬ 
nology Corporation, China). 

2.7. pEGFP-Cl delivery into HepG2 cells by CS-Qdots 

HepG2 cells were seeded on a 6-well plate 24 h prior to treat¬ 
ments. The GFP (green fluorescent protein) expression vector 
pEGFP-Cl (Sangon Biotech, China) and CS-Qdots were diluted 
in RPMI1640 (pH 6.8) separately, then gently mixed together by 
pipetting, and incubated for 30 min at room temperature. The 
mass ratio of plasmid and CS-Qdots nanoparticles in the 
transfection complexes was 12 : 1 (NP : DNA weight ratio). 
Then, the medium was removed and the cells were washed by 
PBS (pH 6.8) for 3 times before the dropwise addition of the 
particle-DNA transfection complexes. The transfection 
complexes were replaced with fresh medium at 12 h post 
addition. Then ultra structure of the cells and distribution of 
CS-Qdots in the cells was observed by TEM. The expression of 
GFP and CS-Qdots internalized by cells was directly visualized 
under a confocal laser microscope (FluoView FV1000, Olympus, 
Japan) at 48 h post transfection. 
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2.8. Establishment of HCC xenografts nude mice model 

Healthy male BALC/c nude mice, aged 6 weeks, weighing 18-20 
g were used for the experiments. The animal experiments were 
approved by the Animal Care Committee of Jiangsu Province 
and were performed in accordance with the institutional 
guidelines. All the mice were maintained in the Sterile Barrier 
System of the Medical School, Southeast University, China. 
Exponentially growing HepG2 cells (2 x 10 6 ) were injected 
subcutaneously in the limb of the mice to establish the hepa¬ 
toma xenografts models. 


2.9. Bioluminescence imaging in vitro and in vivo 

2.9.1. Excitation of CS-Qdots by bioluminescence in vitro. 

HepG2 cells were seeded on two 24-well plates where every eight 
wells, one was left blank 24 h prior to transfection. Then, 
plasmid p[HRE]AFP-luc was transfected into the cells using 
Lipofectamine 2000 (Invitrogen, USA) following the manufac¬ 
turer’s protocol. Two days after transfection, 1 ml D-luciferin 
sodium salt solution (150 pg ml -1 , Gold biotechnology, USA) 
was added to every well and the bioluminescence signal was 
acquired 10 min later. For the excitation of the CS-Qdots plates, 
1 ml CS-Qdots (0.1 mg ml -1 ) were added into the blank wells 
surrounded by wells containing cells before bioluminescence 
imaging. Then, fluorescent imaging of the CS-Qdots was 
obtained. Bioluminescence imaging of the plate was obtained 
10 min after the addition of the 1 ml D-luciferin sodium salt 
solution in the cell culture solution. Bioluminescence and 
fluorescence imaging was carried out using an IVIS Spectrum 
imaging system (Xenogen Corporation, Caliper Life Sciences, 
USA). 

2.9.2. Detection of the bioluminescence signal at different 
wave bands in vitro and in vivo. The IVIS spectrum whole 
animal imaging system was equipped with 18 band-pass filters 
(490-850 nm, bandwidth is 20 nm), which is suitable for the 
detection of the intensity of bioluminescence signals at 
different wave bands. The band-pass filters used were 560 ± 10 
nm (550-570 nm), 600 ± 10 nm (590-610 nm) and 640 ± 10 nm 
(630-650 nm). Plasmids p[HRE]AFP-luc were transfected into 
HepG2 cells using Lipofectamine 2000 and CS-Qdots separately. 
Two days after transfection, the bioluminescence signals of the 
cells were detected at different wave bands. All the assays were 
carried out 4 times, and the mean values were calculated. Then, 
the luminous intensity-wavelength curves were plotted. 

The mouse bearing the xenograft was intratumorally injected 
with 100 jllI DNA-CS-Qdots transfection complexes, which con¬ 
sisted of 120 jig CS-Qdots and 10 pg p[HRE]AFP-luc DNA, 
prepared 30 min prior to injection. At 72 hours post injection, 
the mouse was injected intraperitoneally with a D-luciferin 
sodium salt solution (15 mg ml -1 , 10 pi g _1 weight, Gold 
biotechnology, USA) and the bioluminescence and fluorescence 
signals were acquired after 10 min. The bioluminescence signal 
was detected at four wave bands (560 ± 10 nm, 600 ± 10 nm, 
620 ± 10 nm and 640 zb 10 nm), 3 times for each band-pass 
filter. The mean values were calculated and the luminous 
intensity-wavelength curves were then plotted. 
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3. Results 

3.1. Characterizations of CS-Qdots 

The morphology and crystal structure of CS-Qdots were studied 
by TEM and HRTEM as shown in Fig. 2A, the size of the fluo¬ 
rescent crystals is about 5 nm. The CS-Qdots were found to have 
spherical morphology with a good dispersion in the TEM image. 
The mean particle size is about 25-30 nm (Fig. 2B). When CdTe 
quantum dots were encapsulated by chitosan, the characteristic 
peaks of chitosan (-NH 2 vibration, C-H stretching vibration) 
were observed on the FTIR spectra (Fig. 2F). The surface charge 
of CdTe Qdots is -16.31 ± 0.91 mV (Fig. 2C) but shifted to a 
positive value of 28.02 ± 1.15 mV for CS-Qdots (Fig. 2D). The 
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zeta potential of the DNA-CS-Qdots complex at a relative ratio of 
10 (CS-Qdots : DNA) is 10.02 ± 1.21 mV (Fig. 2E). 


3.2. CS-Qdots internalized by cells 

Due to their small size and positive surface charge, CS-Qdots 
can be readily internalized by cells. As shown in Fig. 3, cells 
containing CS-Qdots were observed on a confocal laser micro¬ 
scope and the images revealed that the particles were concen¬ 
trated in the cytoplasm of the cells (the red colour belongs to CS- 
Qdots and the blue colour arises from nuclei stained with 
DAPI). 




o.o 1 — 
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150.0 




Wavenumbers(cm-1) 

Fig. 2 (A) TEM image of CdTe Qdots and HRTEM image of same sample (inset). (B) TEM image of CS-Qdots. (C) Zeta potential of CdTe Qdots. (D) 
Zeta potential of CS-Qdots. (E) Zeta potential of DNA-CS-Qdots complex at a relative ratio of 10 (CS-Qdots : DNA). (F) FTIR spectra of chitosan, 
CdTe Qdots and CS-Qdots. 
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Fig. 3 Confocal laser microscopic views of HepG2 cells incubated 
with CS-Qdots (100 |ig ml -1 ) for 12 h. (A) Excitation of CS-Qdots. (B) 
Excitation of DAPI. (C) Merged image. 


3.3. Gel retardation assay 

Firefly luciferase plasmids (p[HRE]AFP-luc) specifically 
expressed in hepatocellular carcinoma cells were prepared as 
we have previously reported. 17 The schematic structure is shown 
in Fig. 4. The plasmid binding affinity of CS-Qdots was tested at 
various weight ratios by agarose gel electrophoresis. As shown 
in Fig. 5, complete retardation was observed for particle-DNA 
weight ratios over 10:1, for which the DNA is well packed in the 
gene-CS-Qdots complexes with a positive surface charge. 

3.4. GFP gene transfected into HepG2 cells by using CS- 
Qdots 

Reporter gene pEGFP-Cl (expressing GFP) was used to evaluate 
the transfection efficiency of CS-Qdots. At 12 h post trans¬ 
fection, the cells’ ultra-structure was observed by TEM. As 
shown in Fig. 6, the HepG2 cell is enveloping clusters of CS- 
Qdots (indicated by the black circle and arrows) while some 
nanoparticles have already been internalized in the cytoplasm 
(indicated by the white arrow). 



p[HRE]AFP-Luc 

Fig. 4 Schematic structure of p[HRE]AFP-luc. 


Two days after transfection, HepG2 cells were observed on a 
confocal laser microscopy. As shown in Fig. 7, the red colour 
represents the CS-Qdots as the gene are internalized into the 
cells, and the green colour represents the GFP expressed in the 
cells. The results indicate a high level expression of GFP genes 
which were delivered into the cells by CS-Qdots. 

3.5. CS-Qdots excited by bioluminescence in vitro 
(extracellular) 

The experiment was designed to test our hypothesis that CS- 
Qdots could be directly excited by bioluminescent light from 
the cells over macroscopic distances. HepG2 cells were seeded 
on two 24-well plates where 8 wells containing cells surrounded 
a blank well as shown in Fig. 8A. Then, all the cells were 
transfected with p[HRE]AFP-luc by Lipofectamine 2000 48 h 
prior to imaging. Before acquiring bioluminescence and fluo¬ 
rescence images, 1 ml CS-Qdots (0.1 mg ml -1 ) were added to 
one of the blank wells surrounded by wells containing cells 
(Fig. 8B and C). The corresponding wells on the other 24-well 
plates were left blank (Fig. 8A). Bioluminescence imaging of the 
cells transfected with p[HRE]AFP-luc was observed as shown in 
Fig. 8A. For the plate with CS-Qdots, the bioluminescence signal 
of the cells was quenched and the luminescence signal of CS- 
Qdots was detectable (Fig. 8C). This result implies that energy 
was transferred from the bioluminescent cells to the CS-Qdots. 
The energy transfer mechanism is a simple excitation-emission 
process which Dragavon et al. characterized as the FUEL effect. 14 

3.6. Detection of the bioluminescence signal at different 
wave bands in vitro 

To test whether CS-Qdots could act as gene carriers and self- 
illuminating probes simultaneously, it was important to 
detect the wavelength of maximal bioluminescence of the cells 
transfected with p[HRE]AFP-luc using CS-Qdots as gene 
carriers. An IVIS spectrum whole animal imaging system was 
used to acquire the bioluminescence signal at different wave 
bands. As it can be seen in Fig. 9A, HepG2 cells transfected with 
p[HRE]AFP-luc by Lipofectamine 2000 and their 
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Fig. 5 Agarose gel electrophoresis tests for DNA retention in p[H RE]AFP-luc loaded CS-Qdots prepared at various CS-Qdots nanoparticle : DNA 
weight ratios. 


CS-Qdots 



Fig. 6 TEM images of HepG2 cells after transfection by CS-Qdots. (A) 
The HepG2 cell is enveloping clusters of CS-Qdots (black circle and 
arrows). The white arrow indicates CS-Qdots already internalized by 
the cell (endosomes). (B) Endosomes in the cytoplasm (white arrow) of 
the HepG2 cell. 


bioluminescence signals were measured with three filters: 550- 
570 nm, 590-610 nm and 630-650 nm. Then, the signal-wave¬ 
length curve was plotted, from which it is easy to see that the 


maximum signal of bioluminescence is at 550-570 nm (Fig. 9B). 
The absorption spectrum of CS-Qdots was measured as shown 
in Fig. 9C. The peak of bioluminescent light emission lies in a 
region of the wavelength spectrum where the CS-Qdots display a 
strong absorbance peak. If the CS-Qdots are excited by the 
luciferase generated in the cells and the luminescence signal is 
detectable, the emission peak of the bioluminescence should 
red-shift from 560 nm to 630 nm, consistent with the emission 
spectrum of CS-Qdots (Fig. 9D). The bioluminescence of cells 
transfected with p[HRE]AFP-luc by CS-Qdots was measured at 
the same three filters (Fig. 9E). As shown in the signal-wave¬ 
length curve in Fig. 9F, the maximal luminescence signal is at 
630-650 nm. The results demonstrate that CS-Qdots can be 
excited by bioluminescence intracellularly. 

3.7. CS-Qdots excited by bioluminescence in vivo 

The p[HRE]AFP-luc/CS-Qdots transfection complexes were 
injected into the tumors of the HCC xenografts nude mice, and 
the bioluminescence signal was detected 72 hours later. Four 
filters were used (550-570 nm, 590-610 nm, 610-630 nm and 
630-650 nm) to detect the wavelength of the maximal signal of 



Fig. 7 Confocal laser microscopic views of HepG2 cells transfected with GFP genes by CS-Qdots. (A) The red colour represents the CS-Qdots as 
the genes are delivered inside the cells. (B) The green color represents the GFP expressed in the cells. (C) Merged image. 
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Fig. 8 CS-Qdots excited by bioluminescence in vitro. (A) Bioluminescence imaging of HepG2 cells transfected with p[HRE]AFP-luc by Lip- 
ofectamine 2000. The well in the center is the blank. (B) Fluorescence imaging of CS-Qdots added into the blank well surrounded by the HepG2 
cells transfected with p[HRE]AFP-luc by Lipofectamine 2000. (C) Bioluminescence imaging of the transfected HepG2 cells and CS-Qdots. The 
CS-Qdots were excited by the bioluminescence from the surrounding cells. 


bioluminescence, as shown in Fig. 10A. The peak of light 
emission was at 630-650 nm, the same as in the in vitro 
experiments. The bioluminescence and fluorescence images 
were acquired (Fig. 10B and C) and merged in Fig. 10D. 

4. Discussion 

Chitosan is a polycationic natural polysaccharide which has 
been widely used in pharmaceuticals as drug or gene carriers 
and other delivery systems. 23 ’ 24 Chitosan has basic amine 
groups on its glycosidic residues which contribute to the 
positive charge of the natural polysaccharide. 25 Chitosan 
encapsulated quantum dots (CS-Qdots) as multifunctional 
nanomaterials with unique optical properties combine the 
advantages of quantum dots and chitosan, which could effi¬ 
ciently deliver genes into cells and provide a traceable delivery 
system in vitro and in vivo. CS-Qdots bear several positive 
charges that facilitate interactions with negatively charged 
cell membranes and enable efficient cellular uptake via 
endocytosis. The evidence from the experiments show that 
when specific hepatoma-expressed luciferase genes (p[HRE] 
AFP-luc) are delivered into HCC cells by CS-Qdots, the fluo¬ 
rescent nanoparticles are excited by the luciferase generated 
in the cells. 

Dragavon et al. 14 have reported that quantum dots can be 
excited by luminescent bacteria in vivo and in vitro by a 
mechanism named “fluorescence by unbound excitation from 
luminescence” (FUEL), a method that utilizes the conven¬ 
tional epifluorescence phenomenon. The results from our 
experiments indicate that CS-Qdots can also be excited by 
luminescent cells transfected with luciferase genes through 
FUEL. FUEL is different from reported nanometer scale 
molecular proximity methods such as BRET, since the energy 
transfer of FUEL from the donor (bioluminescence of the 
firefly luciferase) to the acceptor (CS-Qdots) is in the 


macroscopic scale. When CS-Qdots are surrounded by lumi¬ 
nescent cells, they are excited and a luminescence signal from 
them is detectable, although the bioluminescence signal of 
the cells is quenched. The results from the experiments 
provide direct evidence that CS-Qdots can be excited by 
bioluminescence in the macroscopic scale. In addition, the 
excitation of the CS-Qdots in our study is not the same as in 
Dragavon’s, since the luciferase light source is coded in the 
genes transfected into the cells while in Dragavon’s study the 
quantum dots were excited by bioluminescent bacterias 
expressing the lux operon. When HCC cells are transfected 
with plasmids p[HRE]AFP-luc by CS-Qdots in vivo and in vitro , 
emission spectrum analysis of the cells indicate that the 
emission peak of the bioluminescence red-shifts from 560 nm 
to 630 nm, consistent with the spectrum of CS-Qdots. There¬ 
fore, luciferase gene loaded CS-Qdots have the potential to 
detect HCC cells as self-illuminating probes. 

Self-illuminating nanoparticles are ideal fluorescence probes 
which can emit light without external excitation and avoid 
autofluorescence completely. The luciferase gene loaded CS- 
Qdots are different from most self-illuminating quantum dots 
whose design is based on the principle of bioluminescence 
resonance energy transfer (BRET). 26-28 The main disadvantage of 
BRET self-illuminating quantum dot imaging is the lack of 
tissue or cell specificity. One of the requirements needed for 
BRET quantum dots is that the distance between the donor and 
the acceptor must be less than 10 nm, so the BRET self- 
illuminating quantum dots are usually attached to the lucif¬ 
erase proteins by covalent bonds. In the current study, firefly 
luciferase, which acts as an epifluorescent illumination light 
source, is generated in the cells. Compared to immobilized 
luciferase, gene coded luciferase proteins can be selectively 
delivered into certain tissues or tumors by targeted gene 
delivery systems. 
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Fig. 9 Detection of the bioluminescence signal at different wave bands. (A) HepG2 cells transfected with p[H RE]AFP-luc by Lipofectamine 2000. 
The bioluminescence signals of the well were measured with three filters: 550-570 nm, 590-610 nm and 630-650 nm. (B) The signal- 
wavelength curve of the bioluminescence from the cells transfected by Lipofectamine 2000. The maximal signal is observed at 550-570 nm, n = 
4. (C) The absorption spectrum of CS-Qdots. There is an absorption peak at 550-570 nm. (D) The emission spectrum of CS-Qdots. (E) HepG2 
cells transfected with p[HRE]AFP-luc by CS-Qdots. Bioluminescence signals of the well were measured with three filters. (F) The signal- 
wavelength curve of the bioluminescence signal from the cells transfected by CS-Qdots. The maximal signal is observed at 630-650 nm, n = 4. 


The bioluminescence is due to light emission during the 
chemical reaction between the luciferase protein and its 
substrate, resulting in non-invasive imaging in healthy cells 
and living animals. 29 Tumor-specific luciferase gene expres¬ 
sion can be driven by tissue- or tumor-specific promoters, 
such as the a-fetoprotein (AFP) promoter for hepatocellular 
carcinoma (HCC). AFP gene is expressed in fetal or embryonic 
livers and inactivated after birth. However, in HCC cells, AFP 
gene is re-activated and re-expressed. 30 Luciferase genes 
induced by AFP promoter are expressed in HCC cells by a 
restricting sequence-specific mechanism. The evidence from 
our experiments shows that the CS-Qdots nanoparticles can 
be excited by HCC-targeted expressed firefly luciferase in vitro 
and in vivo. The CS-Qdots excited by bioluminescence through 
FUEL are self-illuminating probes with strict tumor 
specificity. 


It is noticeable that the self-illuminating CS-Qdot probes 
are simultaneously gene carriers, which deliver HCC-specific 
luciferase plasmids (p[HRE]AFP-luc) into hepatoma cells. 
The promoter gene of the plasmids can be easily replaced to 
track down other cancers in the body, such as the PSA 
promoter used for prostate carcinoma 31 or the chromogranin 
A promoter for neuroendocrine tumors, etc. 32 Moreover, the 
maximum emission of the versatile quantum dots is tunable 
based on the particle size of the crystal, 33 and so the light 
emitting CS-Qdot wavelength is also tunable. The luciferase 
gene-loaded CS-Qdots in the current study, which combine 
the advantages of quantum dots (such as superior brightness 
and photo stability, tunable emission, etc.) as well as the high 
sensitivity and specificity of bioluminescence imaging, can 
act as attractive self-illuminating probes holding potential 
for improved deep tumor in vivo imaging. 
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Fig. 10 CS-Qdots excited by bioluminescence in vivo. The mouse was injected with p[HRE]AFP-luc/CS-Qdots transfection complexes intra- 
tumorally 72 hours before bioluminescence imaging. (A) Detection of light emission from the HCC xenografts in nude mouse at different 
wavelength filters and the signal-wavelength curve of the bioluminescence signal was plotted, n = 3. (B) The bioluminescence imaging of the 
mouse was acquired without a filter (total light or open). (C) The fluorescence imaging of the mouse. (D) The bioluminescence and fluorescence 
merged image. 


5. Conclusions 

When hepatoma cell expressed firefly luciferase genes (p[HRE] 
AFP-luc) are delivered into HCC cells by nanoparticles based 
on quantum dots (CS-Qdots), the nanoparticles can be excited 
by the bioluminescence of the transfected cells. The emission 
peak of the bioluminescence signal red-shifts from 560 nm to 
630 nm. The energy transfer from the luciferase generated in 
the transfected cells to the CS-Qdots is achieved by “fluores¬ 
cence by unbound excitation from luminescence” (FUEL). The 
evidence from the experiments indicates that luciferase gene 
loaded CS-Qdots nanoparticles can act as self-illuminating 
probes for improved specific tumor imaging. 
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